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The Hall effect on selected samples of the dilution series Nbi_ y Fe2+ y is studied. Normal and 
anomalous contributions are observed, with positive normal Hall effect dominating at high temper- 
atures. Consistent analysis of the anomalous contribution is only possible for Fe-rich Nbo.985Fe2.015 
featuring a ferromagnetic ground state. Here, a positive normal Hall coefficient is found at all 
temperatures with a moderate maximum at the spin-density-wave transition. The anomalous Hall 
effect is consistent with an intrinsic (Berry-phase) contribution which is constant below the order- 
ing temperature Tc and continuously vanishes above Tc. For stoichiometric NbFe2 and Nb-rich 
Nb1.01Fe1.g9 - both having a spin-density-wave ground state - an additional contribution to the 
Hall resistivity impedes a complete analysis and indicates the need for more sophisticated models 
of the anomalous Hall effect in itinerant antiferromagnets. 
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I. INTRODUCTION 

The Hall effect marks the generation of a transverse 
voltage V y arising from the deflection of moving charge 
carriers due to the Lorentz force in a magnetic field H 
perpendicular to the driving current .ffl The Hall coef- 
ficient defined as i?n = Vy/(tI[ioH) is a powerful probe 
of the Fermi surface of metals, and as such is particu- 
lar interesting for the study of electronic instabilities in 
metals^. Moreover, measurements of the Hall resistivity 
Ph provide access to scattering rates and charge carrier 
mobilities. Here, t denotes the thickness of the sample. 

Shortly after the initial discovery of the Hall effect, 
E.H. Hall found the anomalous Hall effect (AHE) in 
magnetic materials 3 -'. The AHE stems from spin-orbit 
coupling 4 . It is both of fundamental interest and has 
the prospect for important applications as it allo ws to 
manipulate charge and spin degrees of freedorrPsl. The 
anomalous contribution Rs adds to the normal Hall co- 
efficient in the Hall resistivity 

PH = R^oH + R S M (1) 

This empirical description of the anomalous Hall effect 
is based on the spontaneous magnetisation and is estab- 
lished for a broad class of materials. 

Two classes of theoretical approaches model the AHE 
microscopically: On the one hand, the intrinsic AHE 
is concisely seen using topological concepts, the Berry 
phase-^, and is an important extension of the Fermi-liquid 
concepiP. The extrinsic AHE, on the other h and, arises 
from asymmetric (skew) scattering processe d 9 * 10 ! The 
skew scattering picture predicts the anomalous contribu- 



tion to scale linearly with the resistivity Rs oc p. 

The intrinsic AHE is related to other topological con- 
cepts like the topologically protected states in quantum 
Hall systems and may itself be quantized in some cases^. 
The microscopic theory by Karplus and Luttinger relates 
the AHE to the band structure and is predicted to be pro- 
portional to the square of the resistivity, Rs oc p 2 with 
the scale factor Sn defined via 

p K (H)=R^p H + S }i p 2 M (2) 

Consequently, intrinsic and skew scattering contribu- 
tions can be distinguished by their relation to the resistiv- 
ity. The second scattering process, side jump scattering, 
can be viewed as a consequence of the intrinsic AHE and 
as such leads to the same quadratic dependence on re- 
sistivity This explains the independence of the intrinsic 
contribution to moderate impurity concentrations in the 
metallic regime with p ~ 10~ 4 — 10~ 6 ficrrP^. 

The intermetallic compound NbFe2 falls into this 
metallic regime: Single crystals feature residual resistiv- 
ities in the 10uf2cm range. Moreover, as the composi- 
tion is fine-tuned in the dilution series Nbi_ y Fe2+ y with 
— 6%<y^4% the magnetic ground state can be modi- 
fied, as summarized in Fig. [T] Both Fe-rich and strongly 
Nb-rich samples feature ferromagnetic order at lowest 
temperatures whereas ferromagnetism is suppressed close 
to stoichiometry. Approaching from the Fe-rich side a 
new phase, presumably of spin-density-wave (SDW) type 
emerges on top of the ferromagnetic phase. The sup- 
pression of this SDW-phase induces a quantum critical 
point (QCP) - a phase transition at zero temperature - 
in slightly Nb-rich NbFe2- This QCP appears to be the 
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FIG. 1: Phase diagram of Nbi_ y Fe 2+y after Ref. [M Fer- 
romagnetism occurs below Tc (solid blue circles) for both 
Fe-rich and strongly Nb-rich samples. On approaching stoi- 
chiometry (y — 0) Tc is continuously suppressed to zero tem- 
perature. A new, presumably SDW type, phase emerges at 
temperatures above Tc for samples with y < 0.02. The SDW 
phase transition at Tn (open red circles) is itself suppressed on 
decreasing the iron content and yields to a QCP at y ~ —0.01. 
Arrows indicate the three samples selected for Hall effect mea- 
surements. The inset illustrates sample orientation for Hall 
effect and resistivity measurements. 



origin of a logarithmic Fermi liquid breakdown^. With 
this broad range of ground states accessible, Nbi_ y Fe2+ y 
offers the prospect to study the relation of the AHE with 
the type of magnetism and magnetic fluctuations. 

Here, we present Hall effect measurements on selected 
samples of the dilution series Nbi_ y Fe2+ y with y = —0.01, 
y = 0, and y = 0.015 (cf. phase diagram in Fig.JT]). These 
samples show a magnetic transition (SDW) at Tn = 3K, 
10 K, and 31 K, respectively. In addition, the iron rich 
sample (y = 0.015) orders ferromagnetically below Tq = 
23 K. 



II. EXPERIMENTAL SETUP 
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FIG. 2: Temperature dependence of the Hall coefficient for 
samples of Nbi_ y Fe2+ y with y = —0.01, 0, and 0.015 at a 
fixed held of 1 T as defined in Eq. [4] Open symbols denote 
the normal Hall coefficient as extracted from fits of Eq. [5] 
to pn(H) as shown in Fig. [3] (a). Arrows mark the (zero-field) 
transition temperatures Tc and Tn. 



transversal contacts. We note that the accuracy of 10 % 
in the determination of the thickness applies to all de- 
duced quantities pn, -Rrj an d and may lead to dis- 
crepancies when comparing data taken on different sam- 
ples. Moreover, the Hall coefficient was determined at a 
fixed field as 



Rn(H) = PH (H)/^H. 



(4) 



Magnetisation measurements were carried out on a 
larger piece from which the sample for the Hall measure- 
ments was cut. The sample was equally oriented with 
magnetic field along the crystallographic c axis in or- 
der to enable the analysis of the anomalous Hall effect. 
All measurements were conducted in a Quantum Design 
Physical Property Measurements System. 



Samples were grown with the optical floating zone 
method from polycrystalline seed rods. The actual stoi- 
chiometry was determined from the crystallographic lat- 
tice parameters as detailed in Ref. [21 Oriented samples 
were cut to thin platelets with thickness t m 100 um. 

The Hall effect and the resistivity of NbFe2 have been 
measured with the driving current /, the longitudinal 
voltage V x and the transversal voltage V y in the crystal- 
lographic hexagonal plane while the magnetic field H was 
applied along the crystallographic c direction (cf. inset of 
Fig. [IJ. The (longitudinal) resistivity was determined 
from the longitudinal voltage as p = V x /I. The Hall re- 
sistivity was calculated as the antisymmetric part of the 
transversal voltage as 

pu(H)=t[V v (+H)-V y (-H)]/2I (3) 

This procedure allows to separate components of the 
magnetoresistance arising from small misalignment of the 



III. RESULTS AND DISCUSSION 

A. Temperature dependent Hall coefficient 

The temperature dependence of the Hall coefficient 
at H = 1 T is depicted in Fig. [2] for three samples 
of the Nbi_ y Fe2+ y dilution series. At high tempera- 
tures all samples exhibit a positive Hall coefficient i?n ~ 
1 x lQ _10 m 3 C _1 . As the temperature decreases an in- 
crease in -Rh is evident for all samples, leading to a max- 
imum which is more pronounced for samples with less Fe 
content: Nb1.01Fe1.99 reaches a value of 3 x 10 _10 m 3 C _1 
while stoichiometric NbFe2 and Fe-rich Nbo.985Fe2.015 
reach values of 2 x 10" 10 m 3 CT 1 and 1 x 10" 10 m 3 C" 1 , 
respectively. Also the maximum appears to be shifted 
to lower temperature for decreasing Fe content. Upon 
further decrease of the temperature, Rh decreases for all 
samples and eventually becomes negative. For Fe-rich 
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Nbo.985Fe2.015 the Hall coefficient drops rapidly and as- 
sumes a pronounced minimum around 25 K at absolute 
values of —13 x 10 _10 m 3 C -1 . At temperatures below 
this minimum, i?u increases and tends towards satura- 
tion at lowest T. For stoichiometric NbFe2 a minimum 
in Rn(T) is present slightly above 10 K with the abso- 
lute value reduced compared to Fe-rich Nbo.9s5Fe2.015- 
For Nb-rich Nb1.01Fe1.99 a minimum is not resolved at 
temperatures above 2 K and the absolute value of Ru is 
further reduced compared to stoichiometric NbFe2 . Con- 
sequently, the minimum in Rn(T) appears to be linked 
to the magnetic transition temperature with the absolute 
value of i?H decreasing as the Fe-content decreases. 



B. Field dependent Hall resistivity 

Fig. [3] (a) displays the field dependence of the Hall 
resistivity of Fe-rich Nbo.985Fe2.015 for selected tem- 
peratures. Above 80 K the Hall resistivity pn(H) shows 
no deviations from linearity. Consequently, here, i?n as 
defined in Eq.|4]and depicted in Fig. [2] is equivalent to the 
initial-slope Hall coefficient. Below 80 K, however, a con- 
cave shape is present in pn(-ff) which develops to a min- 
imum at temperatures below 55 K. This minimum be- 
comes sharper as temperature is decreased and for tem- 
peratures below Tq = 23 K pn (H) resembles two distinct 
linear sections with a crossover well below 1 T, where 
the initial slope is negative and large while the high-field 
slope is positive and smaller. This behaviour is typical 
for the anomalous Hall effect in ferromagnets as shall be 
discussed below. The two regimes reflect the magneti- 
sation M(H) which shows saturation at about the same 
field where the slope of the Hall resistivity changes. In 
fact, the hysteresis of M(H) is also present in the Hall 
resistivity as can be seen from the comparison of p^{H) 
and M{H) in Fig. [I] for T <T C . The hysteresis loops in 
both quantities obey the same saturation field. The sat- 
uration values, however, follow opposed temperature de- 
pendence: While the saturation magnetisation increases 
with decreasing temperature, the saturation value of the 
Hall resistivity decreases below To This decrease in the 
saturation value of pn represents a decrease of the anoma- 
lous contribution as expected for a metal with a negative 
temperature coefficient of the resistivity. 

In order to model the field- and temperature depen- 
dence of the Hall resistivity we have tested fits on the 
basis of skew-scattering and intrinsic AHE. Therefore we 
have tried fitting forms of eq.[l] where Rs was allowed to 
have different dependencies on resistivity. This detailed 
analysis reveals best agreement with the data for a re- 
lation to p 2 in agreement with Eq. [2J In particular, a 
linear form of the resistivity was found to produce less 
poor agreement. 

The Hall resistivity of stoichiometric NbFe2 as de- 
picted in Fig. [3] (d) has proportionality to the magnetic 
field ph (x H for temperatures above 40 K with the slope 
reflecting the initial-slope Hall coefficient. A concave 



shape similar to that observed for Fe-rich Nbo.9s5Fe2.015 
is present for intermediate temperatures 40 K > T > 
20 K. For lower temperatures, however, the Hall resistiv- 
ity is more complex with a minimum at low fields and a 
maximum at higher fields. Both these features arc shifted 
to lower fields as the temperature is decreased. Hystere- 
sis is not observed in the Hall resistivity of stoichiometric 
NbFe 2 above 2K. 

The field dependence of the Hall resistivity of Nb- 
rich Nb1.01Fe1.99 is similar to that of stoichiometric 
NbFe2- As can be seen from Fig. [3] (g), the Hall resistiv- 
ity is best described by linear field dependence at high 
temperatures, however, this is true above 100 K only. In 
the regime 100 K > T > 20 K, again, the Hall resistivity 
obeys a concave shape. At lowest temperatures, like for 
stoichiometric NbFe2, a complex field dependence is ob- 
served with a minimum and maximum that shift to lower 
fields as the temperature is lowered. 



C. Analysis 

In order to extract normal and anomalous contribu- 
tions, the Hall resistivity was fitted utilizing Eq.[2j As we 
shall see, only for Fe-rich Nbo.9s5Fe2.015 this allows a con- 
sistent description of the data. The fits for Nbo.9s5Fe2.015 
are included in Fig. [3] (a) as solid lines. The magnetisa- 
tion and resistivity are shown in panels (b) and (c) re- 
spectively. We note, that the magnetisation alone cannot 
reproduce the shape of the Hall resistivity as the mag- 
netisation shows more pronounced curvature at elevated 
fields. In other words, Eq. [T] with a constant R$ is not 
able to fit ph- Only a product of the resistivity and the 
magnetisation leads to a form reproducing the curvature 
of pn(H) confirming the usage of Eq. [2j Remarkable 
agreement of the fits with pn (H) is achieved at tempera- 
tures above Tm and well below Tq while small deviations 
are observed at intermediate temperatures at small fields 
in the vicinity of the minimum in pn(H). Here, techni- 
cal difficulties might impede a better agreement. Most 
likely small discrepancies of sample orientation during 
the Hall effect and magnetisation measurements with re- 
spect to field can cause differences, but also the fact that 
M and pn were measured on different pieces of the same 
sample might play a role^. Finally, small differences in 
sample temperature during magnetisation and transport 
measurements might contribute to the observed discrep- 
ancies. This latter reasoning is supported by the fact that 
the fits at lowest temperature (see 11 K curve in Fig. [3] 
(a)) are again very good, well below Tc the magneti- 
sation profile displays less temperature dependence. At 
lowest temperatures the accurate determination of Sh is 
complicated by the presence of strong hysteresis in both 
pn{H) and M(H). Here, Sh was calculated from the 
remanent values of pn, M, and p at zero field deduced 
from the hysteresis loops. 

The temperature dependence of the extracted normal 
Hall coefficient and coefficient of the intrinsic AHE are 
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FIG. 3: Hall resistivity of Nbi_ y Fe2+ y as a function of magnetic field for (a) y = 0.015, (d) y — 0, and (g) y — —0.01. (b), (e), 
(h) and (c), (f), (i) depict the Magnetisation and magnetoresistance, respectively. Solid lines in (a) reflect least square fits of 
Ph according to Eq. [2] utilizing the magnetisation and magnetoresistance data shown in the lower panels. 




FIG. 4: Hysteresis of Hall resistivity (a) and magnetisation 
(b) in the ferromagnetic phase of Fe-rich Nbo.985Fe2.015- In 
order to obtain the Hall resistivity at both positive and neg- 
ative magnetic field, the Hall resistivity was calculated by 
subtracting the magnetoresistance contribution such that the 
hysteresis loops are centred around the origin. 



displayed in Fig. [5] Both and Sn obey a significant 
temperature dependence above T^: increases from 
re 1 x Hr^nr'C- 1 at 150 K to almost 3 x Kr^n^C" 1 
at 35 K and passes a maximum at 7n eventually decreas- 
ing to a value 2 x 10 -10 m 3 C _1 at lowest temperatures. 
Within a free-electron one-band model this would corre- 
spond to a charge carrier concentration of 2.5 electrons 
per formula unit at room temperature which decreases 
to slightly more than one electron per formula unit at 
lowest temperatures. 

The comparison of with the as measured tempera- 
ture dependence of Rb_(T) for all the samples depicted in 
Fig. [2] indicates a common normal contribution through- 
out the Nbi_ y Fe2+ y series: The observed maximum in 
Rn(T) measured at a fixed field of 1 T is altered in its 




r(K) 



FIG. 5: Normal and anomalous contribution as extracted 
from fits of Eq.[2]to p H (H) for Nbo.9s5Fe2.015 (cf. Fig. [3] (a)). 
Open symbols reproduce Rn from Fig. [2] measured at 1 T as 
shown in Fig. [2] Lines are guides to the eye. Dashed vertical 
lines reflect the (zero-field) transition temperatures Tn and 
To 



magnitude and position through the influence of the AHE 
which reduces the measured Hall coefficient at low tem- 
perature below the value obtained from R^ alone. For Fe- 
rich Nbo.985Fe2.015 the AHE is most pronounced and here 
the maximum value of R-r(T) is most diminished. As 
the anomalous contribution becomes smaller for samples 
with less Fe content this maximum is more pronounced 
and extends to lower temperatures. This indicates that 
the electronic structure undergoes only minor changes for 
Nb 1 . y Fe 2+y . 
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Sh is negligible at high temperatures, in accordance 
with the fact that pn(H) is linear in this regime. Sh 
becomes negative below 100 K with a continuous increase 
of its absolute value. Only below Tn saturation sets in for 
5h at a value of s» — 0.7 V -1 (cf. dashed line in Fig. [5]). 

The constancy of Sh below Tq underpins the de- 
scription in terms of the intrinsic AHE. Equivalent be- 
havi our ha s been observed in the ferromagnetic phase of 
MnS l 15 | le | . The value observed for Nb . 98 5Fe 2 .oi5 is very 

similar to that of MnSi in Ref.QH(S H 0.2 V -1 ). The 

fact that the AHE in both Nbo.9s5Fe2.015 and MnSi is 
dominated by intrinsic contributions is reassuring of the 
regimes established for a variety of ferromagnetic sys- 
tems, as both fall into the class of metallic systems with 
moderate impurity concentration^!. For MnSi, however, 
the description failed at temperatures above Tq. Con- 
sequently, Nbo.985Fe2.015 displays a unique metallic sys- 
tem in which Sh continuously diminishes above Tq . The 
temperature dependence of the intrinsic AHE is to be 
contrasted to colossal magnetoresistance manganites for 
which Sh peaks above Tq and obeys no constancy within 
the ferromagnetic phased 

For SDW-ordered NbFe 2 and Nb1.01Fe1.99 Eq.[2]is not 
able to reproduce the profile of pu(H). This is obvious 
from the fact, that in these samples the Hall resistivity 
obeys a minimum and a maximum. This sequence cannot 
be generated by two terms in Eq. [2] because both the re- 
sistivity and the magnetisation evolving monotonically in 
field. Qualitative agreement can be obtained by includ- 
ing a skew scattering contribution with opposite sign, but 
we have not been able to account quantitatively for the 
observed field dependence of the Hall resistivity in sto- 
ichiometric NbFe2 and Nb-rich Nb1.01Fe1.99 (Fig. [5] (d) 
and (g)) over the entire temperature range. 



IV. CONCLUSION 

The Hall effect in Nbi_ y Fc2+ y comprises normal 
and anomalous contributions. For ferromagnetic 
Nbo.985Fe2.015 the anomalous contribution is covered by 
intrinsic AHE. This is in contrast to heavy-fermion sys- 
tems of similar residual resistivities, for which skew- 
scattering dominates the AHE as shown for Ce- and 
Yb-based comp ounds^^oi. i n Nbo.9s5Fe2.015, Ph can be 
modelled also above Tq where it provides a rare exam- 
ple for the complete suppression of the intrinsic AHE at 
elevated temperatures. The intrinsic AHE may be com- 
pared to first principle band structure calculations^ and 
can be used to scrutinize different explanations of itin- 
erant magnetism in 

NbFej22HH. By contrast, for stoi- 
chiometric NbFe2 and Nb-rich Nb1.01Fe1.99 an additional 
contribution to the AHE is identified. This additional 
contribution might be related to changes of the magnetic 
order and the associated magnetic fluctuations. Other 
possible explanations for such an additional contribution 
may consider the role of frustration in NbFe2 , which fea- 
tures Kagome layers of Fe atoms^, or refined first prin- 
ciple calculations of the band structure as in SrRuO^H. 
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